Loss of von Hippel Lindau (VHL) protein function is a key driver of VHL diseases, including sporadic and inherited clear cell renal cell carcinoma. Modulation of the proteostasis of VHL, especially missense point-mutated VHL, is a promising approach to augmenting VHL levels and function. VHL proteostasis is regulated by multiple mechanisms including folding, chaperone binding, complex formation and phosphorylation. Nevertheless, many details underlying the regulations of VHL proteostasis are unknown. VHL is expressed as two variants, VHL30 and VHL19. Furthermore, the long-form variant of VHL was often detected as multiple bands by western blotting. However, how these multiple species of VHL are generated and whether the process regulates VHL proteostasis and function are unknown. We hypothesized that the two major species are generated by VHL protein cleavage, and the cleavage regulates VHL proteostasis and subsequent function. We characterized VHL species using genetical and pharmacological approaches and showed that VHL was first cleaved at the N-terminus by chymotrypsin C before being directed for proteasomal degradation. Casein kinase 2-mediated phosphorylation at VHL N-terminus was required for the cleavage. Furthermore, inhibition of cleavage stabilized VHL protein and thereby promoted HIF downregulation. Our study reveals a novel mechanism regulating VHL proteostasis and function, which is significant for identifying new drug targets and developing new therapeutic approaches targeting VHL deficiency in VHL diseases.
INTRODUCTION
von Hippel Lindau (VHL) disease is an autosomal dominant disorder, in which loss of VHL protein function predisposes individuals to benign and malignant tumors, including sporadic and inherited clear cell renal cell carcinoma (ccRCC). [1] [2] [3] The VHL gene is mutated in 80-90% of cases of ccRCC 4 as an early event during tumorigenesis, 5 indicating that loss of VHL function is a key underlying cancer driver. VHL binds to elongins C and B 6 as well as cullin-2, 7 forming an E3 ubiquitin ligase complex that mediates the ubiquitination and subsequent degradation of hypoxiainducible factors 1α and 2α (HIF1α and HIF2α). 8 Stabilization of HIFs due to VHL loss is critical to ccRCC tumorigenesis. 9, 10 VHL has a rapid protein turnover rate, 11 suggesting that proteostasis has a critical role in controlling its functions. Nascent VHL is folded by the eukaryotic type II chaperonin tailless complex polypeptide-1 ring complex, which is also called CCT for chaperonin containing tailless complex polypeptide-1.
12,13 After folding, VHL is then released from tailless complex polypeptide-1 ring complex and loaded into the VHL-elongin B-elongin C complex that stabilizes VHL.
14 Approximately one-third of all VHL mutations are missense point mutations, generating a full-length but destabilized protein. 15, 16 These point mutations, in cases that maintain residual functionality, 16, 17 could be stabilized and, therefore, refunctionalized by genetical or pharmacological strategies. 11 We and others have shown that modulation of the proteostasis of missense point-mutated VHL could serve as a novel approach to treating kidney cancer. 11, 18, 19 Therefore, a better understanding of VHL proteostasis is important for identifying new drug targets and developing novel therapeutic approaches targeting VHL deficiency in ccRCC and other cancer types.
VHL is expressed as two variants arising from different translational start sites in the same complementary DNA (cDNA), a full-length VHL of 213 amino acids (aa) and a short-form VHL19 lacking the first 53 aa. 20, 21 In our previous studies, we observed that full-length VHL, even when expressed from an exogenous cDNA, was always detected as multiple bands, especially after proteasome inhibition. 11, 19 Many other studies also showed that VHL was detected as two or more bands. [20] [21] [22] However, how these multiple species of VHL are generated and whether the process regulates VHL proteostasis and function are completely unknown.
We hypothesized that the multiple species of VHL are generated by protein cleavage, and the cleavage regulates VHL proteostasis and subsequent protein function. To test our hypothesis, we characterized VHL species using genetical and pharmacological approaches and showed that VHL was cleaved at the N-terminus by chymotrypsin C before being directed for proteasomal degradation. Casein kinase 2 (CK2)-mediated phosphorylation at the VHL N-terminus was required for the cleavage. Further, inhibition of the cleavage stabilized VHL, thereby consequently promoting HIF downregulation.
RESULTS

VHL is cleaved at its N-terminus
We expressed VHL-wild type (WT) linked to a C-terminal Venus tag in VHL-null 786-0 kidney cancer cells. The VHL fusion was detected as double immunoreactive bands on western blotting, a major upper band (designated by arrowhead) and a minor lower band (arrow; Figure 1a ). The lower band accumulated markedly after proteasome inhibition by MG132, bortezomib or carfilzomib ( Figure 1a ). Similar lower bands were detected in VHL W117A and L118P mutations that are known to disrupt VHL binding to HIF (Supplementary Figure 1) . We sought to verify that the bands were from the VHL30 variant but not from the short-form VHL19 lacking the first 53 aa. 20, 21 The short-form variant, VHL19, was detectable in VHL-WT-Venus cells with a long exposure after proteasome inhibition (designated by a star), which was smaller in molecular weight than the lower band seen following expression of the VHL construct (Figure 1b) . To confirm that the lowest band was VHL19, we mutated the first translational start of VHL-WT-Venus; therefore, VHL was expressed only from the internal translational start. As expected, only a single band at the size of VHL19 was detected (Figure 1b) . The data indicated that the lower band of VHL-WT-Venus was not the VHL19 short variant. Instead, the lower band resulted from post-translational modification(s) of fulllength VHL.
The lower band was also detected with untagged VHL expressed in VHL-null 786-0 or A498 cells after proteasome inhibition, although an extra middle band was also visible between the upper and lower bands (Figure 1c ). We first focused on the upper and lower bands. A similar lower band was detected from endogenous VHL in renal proximal tubule epithelial (RPTEC) Intervening lanes not relevant to this study were removed from the same blot.
and human embryonic kidney (HEK) 293 cells (Figure 1d ), as were the middle smear bands, indicating VHL expressing as multiple bands is generalizable. We further examined tagged and untagged VHL with a different mouse monoclonal VHL antibody (Ig32). Similar upper and lower bands were detected, indicating that the detection of multiple species of VHL was not antibody specific (Supplementary Figure 2) . We estimated that the lower band was 2-3 kDa smaller than the upper band, based on the locations on Western blots. Based on these results, we proposed that the lower band was generated from full-length VHL via cleavage at the N-terminus. We then used Edman degradation to analyze N-terminal aa sequences of the upper and lower bands of Venus-tagged VHL purified by GFP-Trap after bortezomib treatment (Supplementary Figure 3A) . The results indicated the first 5 aa of the upper band were PRRAE, corresponding to full-length VHL from its natural N-terminus with the first methionine removed (Supplementary Figure 3B) . Edman degradation did not identify the first aa of the lower band. The results suggested that the second to the fourth aa of the lower band was PEED, consistent with the 23rd tyrosine being the cleavage site (Supplementary Figure 3B) . The size of the 23 aa removed by cleavage at the Tyr23 is~2.5 kDa, consistent with the finding that the lower band was 2-3 kDa smaller than the upper band. We next made VHL T23 lacking the first 23 aa, which was expressed as a single band at similar size of the lower band (Figure 1e ), further suggesting that VHL was cleaved at tyrosine 23. Similar to untagged or C-terminus Venus-tagged VHL, the lower band was also detected from VHL fused to a small V5 tag at the C-terminus (Figure 1f) . Interestingly, the lower band was not detectable when another small HA tag was fused to the N-terminus of VHL (Figure 1f ), likely because the N-terminal tag blocked VHL cleavage. Taken together, the data indicate that fulllength VHL was cleaved at the N-terminus at tyrosine 23, thereby generating a truncated VHL.
Cleavage of VHL leads to proteasomal degradation We next examined the function of VHL cleavage. The lower band of VHL accumulated markedly after 24 h of proteasome inhibition ( Figure 1a ). The cleaved VHL-WT-Venus lower band started to increase 30 min after proteasome inhibition and kept increasing over time (Figure 2a ). In contrast, the upper band maintained constant amounts for the first 6 h of proteasome inhibition (Figure 2a ). These data suggest that the lower band but not the upper band of VHL was degraded directly through the proteasome. When protein translation was blocked by cycloheximide (CHX), the upper band of VHL started decreasing after 30 min. In contrast, the lower band of VHL maintained a constant amount until 180 min (Figure 2b ). These data suggest that the upper band but not the lower band of VHL was produced directly through protein synthesis.
We then combined bortezomib and CHX to examine the dynamics of the upper and lower bands without VHL synthesis and degradation. About half of the VHL was converted from the upper band to the lower band after 3 h of bortezomib and CHX treatment ( Figure 2c upper band before treatment (Figure 2c, lanes 1 and 6) , suggesting that VHL was only cleaved but not degraded within 6 h of bortezomib-CHX treatment. The amount of the lower bands with or without CHX treatment was comparable (Figure 2c , lanes 5 and 6), indicating that most of the upper band in lane 5 was newly synthesized in 6 h. Further, the lower band increased in a nearly linear fashion (Figure 2a ), suggesting that cleavage occurred at a constant rate. Taken together, these data indicate that VHL was first synthesized as the upper band, which was converted into the lower band by cleavage at tyrosine 23 before being directed to the proteasome for degradation. Full-length VHL was not degraded directly through the proteasome or other mechanisms before cleavage. The cleavage process, occurring at a constant rate, was a rate-limiting factor for controlling VHL degradation. Once cleaved, VHL was rapidly degraded through the proteasome. Similar cleavage and degradation patterns of the upper and lower bands were observed from untagged VHL (Supplementary Figures 4 and 5) .
VHL cleavage depends on CK2-mediated phosphorylation Next, we sought to determine the mechanisms that regulate VHL cleavage. CK2 is a stress-induced kinase that mediates phosphorylation and subsequent degradation of a number of tumor suppressor proteins, including PML. 23 CK2 phosphorylates VHL at Ser33, Ser38 and Ser43 at the N-terminus, which is required for the tumor suppressive functions of VHL.
24,25 CK2-mediated phosphorylation was also shown to contribute to VHL degradation. 24 However, the mechanism has not been elucidated. We proposed that CK2-mediated phosphorylation regulates the cleavage of VHL and subsequent VHL degradation. A CK2 inhibitor, CX-4945, markedly reduced the accumulation of the lower band after proteasome inhibition (Figure 3a) , suggesting that CK2-mediated phosphorylation was required for VHL cleavage. We then knocked down CK2 via small interfering RNA (siRNA) targeting the CK2α subunit. CK2α was efficiently knocked down, and VHL cleavage was largely blocked (Figure 3b ). We then mutated three putative CK2 sites of VHL-Ser33, Ser38, and Ser43 -to alanine. As expected, these mutations effectively blocked VHL cleavage (Figure 3c ). Taken together, these data indicate that CK2-mediated phosphorylation of VHL is required for cleavage.
Chymotrypsin C cleaves VHL Our mutation and Edman degradation data suggested that tyrosine 23 was a primary cleavage site. We sought to identify the protease(s) that cleave VHL at that site. ExPASy Peptide Cutter (http://web.expasy.org/peptide_cutter/) predicts that chymotrypsin cleaves VHL at 2 sites in the N-terminus, the 8th aa tryptophan and the 23rd aa tyrosine. We first examined a cell-permeable serine protease inhibitor, 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) that inhibits chymotrypsin, trypsin and other serine proteases. 26 AEBSF markedly blocked VHL cleavage (Figure 4a ), suggesting that VHL was likely cleaved by serine protease(s). Further, siRNA knockdown of chymotrypsin C markedly blocked VHL cleavage (Figure 4b ), suggesting that chymotrypsin C is a primary serine protease that cleaves VHL. Protein levels of VHL were elevated with AEBSF treatments or chymotrypsin C knockdown, consistent with the cleavage being required for VHL degradation. We also showed that VHL was cleaved at comparable levels under hypoxia conditions demonstrating that the cleavage is not regulated by oxygen levels (Figure 4c cleavage via genetical or pharmacological approaches stabilizes VHL, with a particular focus on mutant VHL. The half-life of the VHL-AAA-Venus protein was markedly longer than that of VHL-WT-Venus (Figure 5a ), indicating that blockage of VHL phosphorylation and subsequent VHL cleavage inhibited proteasome degradation. Similarly, inhibition of CK2 by CX-4945 also resulted in a marked increase in VHL levels ( Figure 5b, lanes 2 and 7) . As shown in Figure 4b and previous studies, 11 even low levels of VHL WT could efficiently downregulate HIF2α under normoxic conditions. Therefore, we focused on a patient derived mutation, VHL R82P, which is largely deficient in downregulating HIF. CX-4945 blocked cleavage, resulting in higher levels of VHL-R82P protein (Figure 5b, lanes 8 and 13) . Accordingly, HIF2α protein levels were lower in cells with higher VHL protein levels after CK2 inhibition (Figure 5b ). In contrast, HIF2α protein levels were not affected by CK2 inhibition when VHL was not present in parental 786-0 cells (Figure 5c ), indicating that downregulation of HIF2α in VHL-R82P cells was dependent on mutant VHL stabilization. These data indicate that blockage of VHL cleavage via genetical or pharmacological approaches stabilizes VHL protein and subsequently promotes HIF downregulation.
DISCUSSION
In this study, we demonstrated that VHL is cleaved at the N-terminus, and this cleavage regulates VHL proteostasis and function. Our data support a model ( Figure 6 ) that VHL, when routed for degradation, is first cleaved most likely at tyrosine 23 by chymotrypsin C, which is a rate-limiting factor for subsequent VHL degradation, and then directed to the proteasome for rapid degradation. CK2-mediated phosphorylation is required for VHL cleavage by chymotrypsin C. Blockage of VHL cleavage stabilizes VHL protein and subsequently enhances HIF degradation in cases where HIF regulation is compromised.
Our data support the notion that tyrosine 23 is likely a primary cleavage site. However, more cleavage sites are possible. In untagged VHL, an extra middle band was observed between the upper and lower bands (Figure 1c) . The middle band maintained a pattern similar to that of the lower band until 180 min of CHX treatment (Supplementary Figure 4) , suggesting that the middle band was also converted from the upper band. When cells were treated with both bortezomib and CHX, untagged VHL accumulated at the lower band only (Supplementary Figure 5) , suggesting that the middle band was converted into the lower band as well. Therefore, the middle band is likely an intermediate product that is converted during the cleavage process from the upper band to the lower band. Some VHL may have been first cleaved into the middle band and then further cleaved into the lower band. ExPASy Peptide Cutter (http://web.expasy.org/peptide_cutter/) predicts two cleavage sites of VHL by chymotrypsin, the 8th aa tryptophan and the 23rd aa tyrosine, consistent with the cleavage products of the middle and lower bands. The middle band was not observed in Venus-tagged VHL, likely because the middle band was too close to the upper band on blots, or the intermediate products present too briefly to be detected from Venus-tagged VHL.
VHL cleavage was detected in many previous studies [20] [21] [22] although it was not further characterized. In some cases, VHL cleavage was not detectable when N-terminal tags were used, likely owing to steric or recognition blockage of VHL cleavage.
We previously proposed that modulation of the proteostasis of missense point-mutated VHL could serve as a novel approach to treating kidney cancer 19 and further showed that proteasome inhibitors can be used to stabilize missense VHL mutations.
11
Proteasome inhibitors are only one of many kinds of compounds that may stabilize missense VHL mutations. We previously performed a drug screen and identified multiple compounds that stabilize mutant VHL. 19 A recent study also showed that histone deacetylase inhibitors may stabilize mutant VHL. 18 We further showed in this study that inhibition of CK2-mediated VHL phosphorylation is another promising approach to stabilizing mutant VHL and downregulating HIF.
CK2 is upregulated as an oncogene in many human cancers including kidney, 27 breast 28 and other cancers. 29, 30 CK2 inhibitors have been actively tested in multiple cancer types in preclinical and clinical trials. 30 CK2 has been shown to regulate HIF1 protein levels 31 and function, 32 although the studies suggested the effects were proteasome independent. Our study further demonstrated that CK2 inhibition stabilizes VHL and therefore enhances VHL tumor suppression functions that likely degrade HIF proteins, which provides a novel rationale for CK2 inhibition in cancer therapy.
In summary, we demonstrated that VHL is cleaved at the N-terminus, and this cleavage depends on CK2-mediated phosphorylation. Our study reveals novel mechanisms regulating VHL proteostasis and function, which is of significance for identifying new drug targets and developing new therapeutic approaches to targeting VHL deficiency in ccRCC and potentially other cancer types. 
MATERIALS AND METHODS
Cells, reagents and antibodies
The human renal proximal tubule epithelial cell line was obtained from Dr Kimryn Rathmell (University of North Carolina at Chapel Hill, NC, USA). RCC cells (786-0 and A498) and HEK293T cells were purchased from ATCC (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium from Invitrogen (Carlsbad, CA, USA), supplemented with 10% fetal calf serum from Gibco (Carlsbad, CA, USA). Cell line identity was routinely confirmed via short tandem repeat profiling in the MD Anderson Cancer Center CCSG Characterized Cell Line Core.
MG132 and AEBSF were purchased from Sigma (St Louis, MO, USA). Bortezomib was purchased from Selleck Chemicals (Houston, TX, USA) and carfilzomib was purchased from Onyx Pharmaceuticals (San Francisco, CA, USA). Three antibodies against VHL were used in this study: one rabbit polyclonal antibody (#2738) from Cell Signaling Technology (Beverly, MA, USA), another rabbit polyclonal antibody (#MBS125962) from MyBioSource (San Diego, CA, USA) and one mouse monoclonal antibody (#OP102, clone Ig33) from EMD Millipore (Billerica, MA, USA). Endogenous VHL was detected using the polyclonal antibody from MyBioSource. Exogenously expressed VHL was detected using the polyclonal antibody from Cell Signaling unless specified otherwise. Anti-HIF2α antibody (#NB100-122) was from Novus Biologicals (Littleton, CO, USA), anti-chymotrypsin C antibody (sc-69253) was from Santa Cruz (Dallas, TX, USA), anti-GAPDH antibody (#AM4300) was from Ambion (Austin, TX, USA), anti-actin antibody (#A5441) was from Sigma-Aldrich (St Louis, MO, USA) and anti-ERK (#4695) was from Cell Signaling Technology.
Plasmids and stable cell lines VHL-WT-Venus retroviral expression plasmid was described previously. 11, 19 VHL19-Venus for expression of the short form of VHL with a C-terminal Venus tag was constructed from VHL-WT-Venus by disrupting the first ATG translational start with the QuikChange mutagenesis kit from Stratagene (La Jolla, CA, USA) and confirmed by sequencing. VHL-WT for expression of untagged VHL was constructed by cloning VHL cDNA into a retroviral expression vector pBABE-Puro (Addgene, Cambridge, MA, USA, #1764). VHL-R82P for expression of untagged VHL with R82P mutation was constructed from VHL-WT by mutagenesis. VHL-T23-Venus for expression of a truncated VHL lacking the first 23 aa was constructed from VHL-WTVenus by deleting the cDNA sequence for the first 23 aa of VHL and introducing an ATG translational start. VHL-AAA-Venus was constructed from VHL-WT-Venus by mutating Ser33, Ser38 and Ser43 to alanine via mutagenesis. HA-VHL plasmid was obtained from Addgene (Plasmid #19234). VHL-V5 was constructed from VHL-WT-Venus by replacing the Venus tag with a V5 tag. Retroviruses were prepared, and stable cell lines were generated as previously described. 33 siRNA knockdown CK2, chymotrypsin C and control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cells were transfected according to the manufacturer's protocol.
Western blotting, GFP-Trap and Edman degradation
To prepare cell lysates for western blotting, cells were lysed in radioimmunoprecipitation assay buffer (Tris-HCl, pH 7.4, 50 mM; NaCl, 150 mM; NP-40, 1%; sodium deoxycholate, 0.5%; sodium dodecyl sulfate, 0.1%) supplemented with protease inhibitor and phosphatase inhibitor cocktail (Pierce, Rockford, IL, USA). Western blotting was performed as previously described. 33 Samples were resolved on 10% sodium dodecyl sulfate-polyacrylamide gels. Scanning densitometric values were obtained using ImageJ software (version 1.46r; National Institutes of Health, Bethesda, MD, USA). To prepare proteins for Edman degradation, cells were lysed in radioimmunoprecipitation assay buffer. Venus-tagged VHL proteins were pulled down by the GFP-Trap according to the manufacturer's protocol (Allele Biotechnology, San Diego, CA, USA) and were then resolved using sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene fluoride membranes. The membranes were stained with Coomassie Blue, and target bands were cut for Edman degradation. Edman degradation was performed at the Iowa State University Protein Facility (Ames, IA, USA).
